When cultured in titro, Aspergillus fumigatus generated a metabolite(s) with anti-phagocytic activity as tested by macrophage adherence to plastic and phagocytosis of particulate matter. The metabolite(s) appeared after 3 d culture and reached a peak concentration after 5-6 d. The action of the anti-phagocytic agent(s) was rapid (5-15 min) and appeared not to alter membrane permeability or cause rapid cell death. Treatment of stimulator spleen cells with the agent(s) inhibited their ability to induce alloreactive and major histocompatibility complex restricted cytotoxic T cells. The metabolite(s) was chloroform-soluble and separated into three biologically active compounds on thin-layer chromatography. These compounds were purified > 1000-fold and one of them was identified as gliotoxin, a known metabolite of A. fumigatus, based upon NMR and IR spectroscopy, mass spectrometry, biological properties and other data.
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I N T R O D U C T I O N
Aspergillusfumigatus, a widely distributed saprophytic and thermophytic fungus of the order Eurotiales, is a common pathogen to animals and man (Howard, 1983) . In concordance with its habitat on decaying organic matter is its ability to synthesize a number of anti-microbial metabolites and digestive enzymes (Raper & Fennell, 1965) . Many of the anti-microbial substances synthesized by the fungus, such as fumigatin, helvolic acid, fumagillin and gliotoxin, have been investigated for their potential as anti-bacterial, anti-fungal, anti-viral and ameobicidal drugs (McCowen et al., 1951 ; Taylor, 1971 ; Wilson, 1971) . However, their application in vivo has been greatly curtailed by high cellular toxicity in mammals.
Renewed interest in fungal metabolites has been generated by the discovery of the immunoregulatory agent cyclosporin A, a fungal metabolite of Tolypocladium inflaturn Gams (Borel et al., 1976) . Cyclosporin A has proved to be an invaluable tool both in the investigation of the basic principles of immune induction and immune regulation (Borel & Lafferty, 1983) , and in therapeutic application in the field of tissue transplantation (Starzl, 1983) .
We report here the fortuitous discovery of a metabolite(s) of A . fumigatus with anti-phagocytic and immunomodulating properties and its identification as gliotoxin.
METHODS
Mice. CBA/H and C57BL/10 strains were bred at the John Curtin School of Medical Research. They were used at 6-12 weeks of age.
Preporation of Aspergillus fumigutus culture supernatant ( S A F ) . Conidiospores, taken from agar slopes previously inoculated with A fumigatus and stored at 4 "C, were suspended in Eagle's minimal essential medium F15 (Grand
Ahhreriutions: S A F , Aspergillus fumigutus culture supernatant; TGM, thioglycollate-induced peritoneal macrophages: M HC, major histocompatibility complex.
0001-2357 0 1985 SGM Island Biological Co., Grand Island, NY, USA) and cultured without agitation for 5-6 d at 37 "C in a humidified 5 % (v/v) CO, atmosphere. The fungal mycelium was removed by passing the culture medium through a nylon mesh, and the culture fluid was sterilized by filtration (Millex-GS 0.22 pm, Millipore SA, Molsheim, France) and stored at -20 "C.
Fungalmetabolites. Gliotoxin was a generous gift of Dr R. Gallagher of the Ruakura Animal Research Station, Hamilton, New Zealand, and Dr A. Taylor, Atlantic Research Laboratory, Halifax, Canada; helvolic acid was provided by Smith, Kline and French, Sydney, NSW, Australia, and fumagillin by Merck, Sharpe and Dome, Rahway, NY, USA. These substances were dissolved in absolute ethanol at 1 mg ml-' and stored at -70 "C. Cytochalasin B (Sigma) was dissolved in dimethylsulphoxide and stored at 4°C. All compounds were appropriately diluted in F15 prior to use.
Cells. Thioglycollate-induced peritoneal macrophages (TGM) were harvested from thioglycollate-injected mice [intraperitoneal (i.p.) injection of 2 ml 3% (w/v) thioglycollate (Difco) solution 5-8 d previously] by the i.p. injection of 7 ml ice-cold Puck's saline and withdrawal of the saline with a syringe and 20-gauge needle. TGM were then sedimented by centrifugation and resuspended in F15 plus 5% (v/v) foetal calf serum.
The mouse tumour cell line L929 and secondary mouse embryo fibroblasts were grown in Dulbecco's modified Eagle's medium H16 (Grand Island Biological Co.) containing 6% foetal calf serum.
Neutral red cell adherence assay. The method has been described in detail elsewhere . In brief, 5 x 106-5 x lo7 TGM, L929 or fibroblasts were labelled in suspension for 15 min at 37°C in 5 ml 0.04% (w/v) neutral red (C1 50040, BDH) in Hanks' balanced salt solution. The cells were sedimented, washed twice in F15 containing 1% foetal calf serum and resuspended at 5 x lo5 cells ml-l. Samples (0.1 ml) were distributed in each well of a 96-well round-bottom tissue culture plate (cat. no. 76-013-05; Linbro Division, Flow Laboratories). The plates initially contained 0.1 ml samples of SAF or dilutions thereof prior to the addition of neutral-red-labelled cells. After an appropriate incubation at 37 "C, the medium was thrown off and the cell monolayers were washed by immersing the microplate once in a phosphate-buffered saline (PBS) (0.143 M-sodium chloride, 0.01 M-sodium phosphate, pH 7.4) bath. The PBS was thrown off and the neutral red was released from the remaining adherent cells by addition of 0.1 ml per well of 0.05 M-acetic acid in 50% (v/v) ethanol, whereupon absorbance at 540 nm was measured by a microplate reader (Dynatech 600). Generation and cytotoxicity testing ojalloreactive and MHC-restricted cytotoxic T cells. The methods have been described in detail elsewhere (Miillbacher et al., 1984) . In brief, female C57BL/10 mice were ircmunized with lo7 syngeneic male spleen cells i.p. and used after a minimum of 4 weeks post-priming. To generate alloreactive and major histocompatibility complex (MHC) restricted cytotoxic T cells, 10' spleen responder cells from previously immunized animals were co-cultured with 4 x lo6 CBA/H or 5 x lo6 male C57BL/10 irradiated (2000 R from a 6oCo source) spleen stimulator cells respectively. The cells were incubated in 5 ml F15 containing 5% foetal calf serum plus M-2-mercaptoethanol in 12-well culture dishes (Costar, Cambridge, Mass., USA) for 5 d at 37 "C in a humidified 5% COz atmosphere.
The cultures were harvested and 0.1 ml samples of cells were titrated in three-fold dilution steps into 96-well round-bottom tissue culture plates. TGM target cells were labelled with s'Cr (Amersham) for 1 h, washed thoroughly and added in 0.1 ml portions at 2 x lo5 cells ml-I and incubated at 37 "C for 6 h. Then 0.1 ml volumes of individual well supernatants were removed and radioactivity was measured in a gamma-counter. Medium release was estimated by culturing target cells in the absence of effector cells. Total releasable "Cr was estimated by lysing target cells with 1 % Triton-X solution:' Percentage specific lysis was calculated as: [(experimental release -medium release)/(maximum release -medium release)] x 100.
Isolation and purification of'biologically active metabolites. One to five litres of SAF was obtained as described above and freed of mycelium by filtration through multiple layers of gauze, followed by filtration through paper (Whatman no. 540). The resulting solution was extracted three times with chloroform (50-250 ml), then dried over sodium sulphate and finally evaporated (reduced pressure at 35-40 "C) to dryness. The aqueous layer, which contained less than 1-2% of the biological activity, was discarded. The crude material was examined using thinlayer chromatography (TLC) (Merck silica plates, 5 x 10 cm; 0.5 mm thickness), developed in dichloromethane/ methanol (95 : 5, v/v) and visualized under UV light.
The material was applied to a preparative silica plate (Merck, 20 x 20 cm; 2 mm thickness) and developed in dichloromethane/methanol(95 : 5 , v/v). The active bands were individually removed, crushed in a mortar and then extracted with acetone (3 X 30 ml). The acetone was filtered and evaporated. The product was dried at 20°C under vacuum for 2 h and then taken up in a small volume of chloroform and recrystallized upon addition of cyclohexane. The solid was collected by centrifugation and then dried as above.
Spectroscopic studies of'purified SAF metabolites. Proton NMR spectroscopy was performed on a JEOL FX90Q spectrometer operating at 89.56 MHz at 37 "C. Chemical shifts were measured in p.p.m. downfield from added trimethylsilane. IR spectra were run in KBr on a Unicam SPlOOO spectrometer. Mass spectra were run on an MS-9 spectrometer.
Calculation of' biological activity. The absorbance at 540 nm, indicative of the residual adherent neutral-redlabelled TGM population, was plotted against the dilution of SAF; similar plots were constructed as a function of 
RESULTS
Inhibition of cell adherence in the presence of A . fumigatus culture supernatants During a routine immunological assay for cytotoxic T lymphocytes using the neutral red colorimetric assay system (Miillbacher et al., 1984) , we observed that lymphocyte effector cells recovered from an in vitro mixed lymphocyte culture contaminated by Aspergillus fumigatus caused TGM target cells to lose their ability to adhere to plastic.
To answer the question whether a fungal metabolite was responsible for the loss of TGM adherence to plastic and whether the activity is specific for TGM, especially as it is known that macrophages adhere to plastic by a process akin to phagocytosis (Grinnel, 1978) , different cell types (L929, secondary fibroblasts and TGM) were tested for their sensitivity to SAF using the neutral red adherence test (Fig. 1 ). L929 and secondary fibroblasts did not adhere to plastic at the highest concentrations of SAF, but their adherence was not inhibited at lower concentrations. However, dilutions of SAF of up to 1/810 inhibited TGM adherence to plastic. Loss of adherence to plastic was rapid after addition of SAF to adherent neutral-red-stained TGM : an incubation period of 20min was usually sufficient to completely reverse adherence, and up to 50% of cells were lost after as short a period as 5-10 min (data not shown).
To ascertain whether the SAF-induced loss of adherence by TGM was correlated with loss of phagocytosis, TGM were treated with SAF at various dilutions for 1 h, washed thoroughly and incubated with India ink (3%, v/v) in cell culture medium for a further 1 h. The cells were separated from free carbon particles by differential centrifugation and observed by light microscopy. Control TGM contained large amounts of phagocytosed carbon particles, (Fig. 2a) , whereas TGM treated with SAF were devoid of carbon inclusions ( Fig. 2b; 1/90 dilution) . Internalization of the particulate matter was confirmed by electron microscopy (not shown). However, no change in cell viability was observed with TGM up to 48 h after treatment with SAF; membrane permeability and metabolic activity, as tested by neutral red and 51Cr uptake and spontaneous release, appeared not to be affected over a 24 h period after SAF treatment (unpublished observation). Culture time (d) Fig. 3 . Kinetics of production of anti-phagocytic metabolite(s) by A.jumigatus in uitro. Samples of 1 ml of an A . jumigafus culture were removed daily, sterilized by membrane filtration and frozen. All samples were tested for their ability to inhibit macrophage adherence to plastic. The effective dilution of the individual samples (that dilution which results in 50% of the maximum inhibition of adherence of neutral-red-labelled TGM) was determined and is shown as a function of duration of culture.
Kinetics of production of anti-phagocytic metabolite(s)
Long-term culture supernatants of A. fumigatus showed less anti-phagocytic activity than supernatants from short-term cultures. It was therefore important to establish the kinetics of synthesis of the factor(s) responsible for the inhibition of TGM adherence. A conidiospore suspension (about 1 O8 spores per 40 ml medium) in F 15 plus 5% foetal calf serum was set up and 1 ml samples were harvested daily for 14 d, filter-sterilized and stored at -20°C. All samples were assayed at the same time for their ability to prevent adherence of neutral-red-stained TGM (Fig. 3) . Activity first appeared at day 3, reached a peak at day 5 and declined progressively thereafter. Maximum levels of activity varied between experiments, although the kinetics of production remained constant. Efect of SAF on the induction of alloreactive and MHC-restricted cytotoxic T cells As it is well established that macrophages and/or macrophage-like cells are a necessary accessory cell for the induction of cytotoxic T cell responses in vitro, it was of interest to investigate the effect of SAF on stimulator cell populations in mixed lymphocyte cultures. CBA/H and male C57BL/10 spleen stimulator cells were each incubated with SAF for 1 h or left untreated. The stimulators were washed twice and then each co-cultured with male-primed C57BL/10 female spleen cells for 5 d, as described in Methods.
Samples of the alloreactive C57BL/10 anti-CBA/H cultures were tested on CBA/H and C57BL/ 10 targets and the MHC-restricted C57BL/10 anti-male effectors were tested on C57BL/10 male and female macrophage targets. (Table 1) . SAF-treated stimulator cells were unable to induce a cytotoxic T cell response either in the allogeneic combination (C57BL/10 anti-CBA/H) or in the syngeneic MHC-restricted anti-male response (C57BL/ 10 female anti-C57BL/10 male).
PuriJication of A . fumigatus metabolites
The biologically active components of SAF were purified over 1000-fold by chloroform extraction, TLC and recrystallization (Table 2) . Three active components, A, B and C (Fig. 4) with comparable specific activities were isolated in high yield. Components appearing above or below A, B and C were ineffective in the TGM adherence assay.
IdentiJication of gliotoxin in SAP
Preliminary studies indicated that the activity present in SAF had the following properties : (1) molecular weight less than 500 as determined by gel filtration; (2) stable to digestion with trypsin, protease and glycosidase; (3) unstable to heating in weak alkali, decomposing with the concomitant release of sulphide as measured by the lead acetate test.
The RF values for the biologically active components A, B and C (Fig. 4) were 0.49,0.41 and 0.34, respectively; the RF value for purified authentic gliotoxin was 0.50. gliotoxin, 44 ng ml-l; helvolic acid, > 1.3 mg ml-l; fumagillin, > 0.5 mg ml-l; and cytochalasin B, > 5 mg ml-l. Thus gliotoxin was the only active compound. * Expressed as the ratio of the effective dilution or EDso value in the TGM adherence assay relative to that value for authentic gliotoxin; the ratio was then multiplied by the concentration of the non-diluted gliotoxin standard solution.
t Activity divided by the weight of non-volatile components. The values for components A, B and C are given ? coefficient of variation as compared to authentic gliotoxin.
1 Individual biologically active components (A, B and C in Fig. 4) were removed from TLC plates and recrystallized from chloroform/cyclohexane.
D I S C U S S I O N
We have shown here that culture supernatants of A. fumigatus (SAF) contain an agent(s) which has anti-phagocytic properties, as evidenced by its inhibition of the ability of TGM to adhere to plastic surfaces (Grinnel, 1978) . This inhibition was correlated with the lack of phagocytosis by TGM of carbon particles. It is not surprising to find that a saprophyte such as A. furnigatus produces a metabolite(s) with anti-phagocytic properties, considering the number of micro-organisms likely to occur in its habitat which rely on a phagocytic mechanism for nutrient intake. In agreement with the anti-phagocytic effect was the observation that stimulator spleen cells treated with SAF lost their ability to induce an alloreactive or MHC-restricted cytotoxic.T cell response. It is well established that (a) macrophages are an indispensable accessory cell in the in vitro generation of cytotoxic T cells (Pang & Blanden, 1976) , and (b) a macrophage or macrophage-like cell is involved in antigen presentation and thus required for the induction of a cytotoxic T cell response (Persson et al., 1978) .
The active compounds(s) appeared within 2-3 d of in vitro culture and maximum levels were reached after 5-6 d. The subsequent decline in activity may have been due to catabolism, to instability of the compounds under culture conditions, or perhaps to the production of an antagonist late in culture.
Inhibition of phagocytosis was rapid (5-15 min) but the mode of action of SAF is at present not understood. The observation that cytochalasin B did not prevent macrophage adherence suggests that the active metabolite in SAF does not interact with microfilaments. Apparently little alteration in membrane function and permeability occurred, as indicated by neutral red uptake and spontaneous Cr release, both of which are metabolically active processes. Furthermore, cell viability was not affected for at least 48 h after the cells had been treated with SAF ; in addition, viable lymphocytes have been repeatedly recovered from mixed lymphocyte cultures contaminated by A. fumigatus, thus ruling out a more generalized cell toxicity.
Our preliminary results rule out proteinaceous and/or high molecular weight substances as the biologically active components in SAF. SAF contains three chloroform-soluble biologically active materials with qualitatively and quantitatively similar activities to gliotoxin. The similarities between component A and gliotoxin include the following : (1) identical IR and NMR spectra; (2) the presence of the molecular ion m/e = 326 and that corresponding to the loss of two sulphur atoms, m/e = 262 (data not shown) (Bose et al., 1968) ; and (3) mobility on TLC (Taylor, 197 1). Furthermore, of three A. furnigatus-derived compounds tested, helvolic acid, fumagillin and gliotoxin, only gliotoxin showed anti-phagocytic activity. We have since shown that gliotoxin also inhibits the generation of alloreactive cytotoxic T cells when stimulator cells are treated with gliotoxin (Miillbacher & Eichner, 1984) , an effect similar to what we have shown with SAF. Thus, our data confirm the identity of component A as gliotoxin.
